Abstract -The objective of this study was to determine the minimum number of plants per plot that must be sampled in experiments with sugarcane (Saccharum officinarum) full-sib families in order to provide an effective estimation of genetic and phenotypic parameters of yield-related traits. The data were collected in a randomized complete block design with 18 sugarcane full-sib families and 6 replicates, with 20 plants per plot. The sample size was determined using resampling techniques with replacement, followed by an estimation of genetic and phenotypic parameters. Sample-size estimates varied according to the evaluated parameter and trait. The resampling method permits an efficient comparison of the sample-size effects on the estimation of genetic and phenotypic parameters. A sample of 16 plants per plot, or 96 individuals per family, was sufficient to obtain good estimates for all traits considered of all the characters evaluated. However, for Brix, if sample separation by trait were possible, ten plants per plot would give an efficient estimate for most of the characters evaluated.
Introduction
In order to increase the effectiveness of sugarcane breeding programs, family selection, a technique capable of identifying superior crosses, is being incorporated into the initial stages. Superior crosses must form the base population upon which individual selection will be done, with inferior progenies discarded in the early stages of the program (Bastos, 2005) .
Family selection has been routinely employed in some sugarcane breeding programs in other countries Bressiani, 2001) , especially for characters with family-based heritability higher than within individuals .
Mass selection in superior families increases the likelihood of identifying elite clones. Previous selection of superior families is required for this purpose, and it can be done by evaluating, in experimental design, a group of clones representing each family (Jackson & McRae, 2001 ). Another alternative is to evaluate families in replicated trials. In this case, the plots would be formed by individuals that had not yet been cloned and that would jointly provide information on the genetic value of the evaluated families, as performed by Stringer et al. (1996) .
In order to help optimize the resources available in a breeding program, research is being done to determine the number of individuals required for the accurate and efficient representation of mean, variance and other parameters. Barbosa et al. (2001) studied a population of 500 sugarcane plants and concluded that 50 individuals would suffice to estimate the production of stalks, and that ten individuals per plot could be sampled to estimate the mean Brix of the families. Leite et al. (2006) found that plots with only two rows (14 plants), in experiments with six replicates, were sufficient to estimate the genetic parameters required in sugarcane family experiments. Family selection has been widely used in all Australian sugarcane breeding programs, where 20 plants per plot are routinely planted in the first selection stage (Kimbeng & Cox, 2003) .
It is also important to define the size of the reduction in sample size, namely the number of sampled individuals in the plots in family trials, which can reduce costs, permit the use of new methods , and also permit the testing of more families with the same resources available.
The objective of this study was to determine the minimum number of plants per plot that must be sampled in experiments with sugarcane full-sib families, in order to enable the efficient estimation of some genetic and phenotypic parameters of yield-related characteristics used in family selection.
Materials and Methods
The study used 18 full-sib families whose parents were elite clones and commercial varieties with good yields and early maturation. Seedlings were obtained and transplanted as described by Barbosa & Silveira (2000) .
The experiment comprised 120 plots covering a total area of 0.24 ha. Each plot consisted of two 5-m rows with ten plants each, with a spacing of 1.40 m between rows and 0.5 m within rows. Two rows of the RB855156 variety were planted around the experiment as a lateral border. The experimental area was fertilized at planting with 500 kg ha -1 of a formula containing 5% of N, 25% of P 2 O 5 and 25% of K 2 O.
The following data were collected from the plant cane in July 2005: Brix, measured at the fifth internode from the base from one stalk per plant with a Brix hand refractometer; total number of stalks per plant; measurements of stalk diameter, taken with a caliper at the same internode sampled for Brix; measurements of stalk length, taken at the same stalk sampled for Brix. The measurements were done with a wooden ruler articulated at meter intervals, in order to facilitate following the curvature of the stalk.
Using the data on stalk number (SN), stalk diameter (SD) and stalk length (SL), an estimate was made of the weight of each plant, in kilograms, with the formula EW = π x SN x SL x (SD/2) 2 x d (Chang & Milligan, 1992) ; the volume of a stalk was considered to be equal to that of a cylinder, and the density was 1 g cm -3 . The cane yield per hectare (TCH, in Mg ha -1 ) was estimated using the expression: (EW x 10)/0.7, where 0.7 is the footprint of each plant in square meter. Brix yield per hectare (TBH, ) was calculated by the equation: (TCH x Brix)/100.
The variables were analyzed using the statistical model (Cruz et al., 2004) : Y ijk = μ + G i + B j + ε ij + δ ijk , where Y ijk is the observation obtained in the k th individual of the i th family evaluated in the j th block; μ is the overall mean of the experiment; G i is the random effect of the i th family; B j is the random effect of the j th block; ε ij is the random effect of the variation between families; and δ ijk is the random effect of the variation between plants, within the family. Based on the analysis of variance, the estimates of the following parameters were calculated: genotypic variance within and between families in which MS family is the mean square of families, MSE between is the mean square of error between the families, MSE within is the mean square of error within the families, n is the number of individuals in a family and b is the number of families.
To obtain the samples for comparison, each plant was considered a basic unit. The procedure used for the simulation of the new data set was an adaptation of the "bootstrap" resampling technique (Davison & Hinkley, 1997) , which was summed up in the following steps: i, n random-size samples were removed from each plot of the original data to avoid repeating the sampled plants in the same sample, and eight sample sizes were tested (n was equivalent to 4, 6, 8, 10, 12, 14, 16 and 18 plants) ; ii, resamplings with replacement were carried out 500 times (Xie & Mosjidis, 1997 , 1999 , in compliance with the first step, generating 500 new data sets for each n value, in each variable evaluated; iii, for each data set generated, variance analysis was carried out according to the model previously defined, and the parameters of interest were estimated and stored in new vectors of corresponding estimates.
To evaluate the effect of sample size on the parameter estimates, an adaptation was made in the methodology of Xie & Mosjidis (1997 , 1999 , which uses scatter plots of parameter estimates with their respective confidence intervals (CI). In the present study, the confidence intervals for the values of the parameters estimated in the original data set (20 plants) were built according to the methodology presented by Barbin (1993) , except for the heritabilities.
The expression presented by Knapp et al. (1985) was used to estimate confidence intervals for the heritability between families. According to these authors, this heritability is defined as 1 -(θ 2 /θ 1 ), and the intervals may then be estimated by the equation
In the present study, M 1 was considered the value estimated for the family mean square (MS family ), M 2 was the value estimated for the mean square error between families (MSE between ), and θ 1 and θ 2 were the real values of the family mean square and mean square error between families, respectively, while α is the level of significance.
To estimate the confidence intervals for the heritability within families, 1,000 resamplings with replacement were taken from the original data set, and 1,000 estimates were obtained for this parameter. Next, values referring to 2.5 and 97.5% quantis, respectively, were chosen for the lower and upper limits of the confidence interval. Algorithms were developed using the R programming language (R Development Core Team, 2005) to automate the simulation procedures, analysis and estimation of the parameters presented, and also to apply the method proposed, and design the graphs.
Variable estimates of the genetic and phenotypic parameters were considered the true values of the parameter, since the data set studied was considered as the known population. Once full-sib families were used, there is only one genotypic variance estimate, since the estimates of the genotypic variance between and within families, for this family structure, have the same estimator, without considering the effects of dominance deviations.
Results and Discussion
The values of CVe (%) for all variables may be considered low (Table 1 ) when compared to data in the literature. Bressiani et al. (2002) , who also studied the genotype x environment interaction in sugarcane families, evaluated the same variables studied here and found values from 1.49 to 11.81% for the variation coefficient, concluding that these values showed good experimental accuracy. Bastos (2001) found values of 1.91 to 10.11% for the same parameter in variables similar to those evaluated in this study. Bastos (2005) also demonstrated that the highest CVe (%) values are estimated for TCH and TBH. According to Jackson et al. (1995) , the residual coefficient of variation for TBH varied from 14.2 to 23.1%, and for TCH, between 12.9 and 22.9%. Erazzú et al. (1996) presented estimates between 8.90 and 25.56% for sugar yield per hectare for this parameter.
The highest values found in this study for CVe (%) were 8.66 and 9.17, which correspond to TCH and TBH respectively, while SD was the character with the lowest values (0.91%). However, in the studies mentioned earlier, Brix had the lowest CVe (%) value. These results suggest that the data set used has good experimental accuracy, and can be used to study sampling.
Pesq. agropec. bras., Brasília, v.44, n.12, p.1562-1574, dez. 2009 The high values found for the heritability between families (Table 1) indicate that most phenotypic variation is caused by the variation in family effects. Similarly to Bastos (2001) , the variables with the highest and lowest estimates of heritability between families were SD and Brix respectively. However, the estimates for heritability within families were very low, showing that, within families, phenotypic variance is higher than genotypic variance.
An explanation for the low heritability within families in experiments with individual information is that mean square within represents the phenotypic variance within families, and the estimates for this mean square are expected to be high, especially in the initial generations, due to the great variability found in the families. This has been observed in other experiments with families (Souza et al., 2000) .
The dispersal of Brix estimates follows a general trend, according to which the variation within the 500 estimates increases as the sample size decreases (Figure 1) . The mean of 500 estimates in each sample size tends to be close to the parametric value for most parameters, except for heritability between, where it tends to decrease with the sample size. As already mentioned by Cox et al. (1996) and Bressiani (2001) , the reason may be that heritability based on family means is higher than that with individual plants. As the number of plants sampled decreases, the heritability estimate "between" tends to converge to the estimates at the individual level. It was observed that, for a certain sample size, the parameter estimates tend to go beyond the limits of the confidence interval (CI) (Figure 1 ).
Based on this, it is possible to observe (Figure 2 ) the number of estimates of each parameter located within the CI in each sample size, for all varieties. It is also possible to determine that a sample of ten plants would be sufficient to estimate all the parameters proposed for Brix, except for phenotypic variance within the plots (Figure 2 A) , where a sample of 16 plants would be necessary, since the CI for this parameter is very strict (Figure 1) .
The dispersion of parameter estimates of SD and the general tendencies were similar to those presented for Brix ( Figure 3) ; for example, decrease in the variation estimate with increase in the number of sampled plants, and the proximity of the mean of 500 parameter estimates to the parametric value, for most parameters except for heritability between, in which the mean tends to decrease with the sample size. The same can be observed for all the other characters (Figures 4-7) . As shown in Figure 2 B, a sample of 12 plants would be sufficient to estimate all of the parameters proposed for SD.
In a similar study with red clover heritability, Xie & Mosjidis (1997) reported frequent estimates of negative variance with decrease in the sample size, mentioning the same problem in the definition of the sample size for the estimation of the genetic correlation and ascribing it to sampling problems (Xie & Mosjidis, 1999) .
Negative results for genotypic variance and heritability were also found for some variables in this work. This may have been due to the small number of families evaluated (18), which resulted in estimates of mean square within families higher than the mean square between families for the variables with high Table 1 . Estimates of the genetic and phenotypic parameters in sugarcane full-sib families for Brix, stalk diameter (SD), stalk length (SL), stalk number (SN), stalk estimated weight (EW), tons of cane per hectare (TCH) and tons of Brix per hectare (TBH), obtained with 20 plants per plot. variability within families, generating negative estimates of variance components without sampling problems.
Stalk diameter and SN presented the smallest estimates for CVe (%), indicating good experimental accuracy, but SD presented the highest estimate for CVg (%), which indicates great genetic variability within the families, and SD, followed by SN, achieved the highest values for CVg/CVe (above one unit), showing that most of the variation occurring within families for these two characters had genetic rather than environmental causes (Table 1) . Therefore, the problem here may not be sample size.
Stalk length presented similar general trends when compared to the other characters (Figure 4 ). According to Figure 2 C, a sample of 14 plants would be adequate to accurately estimate all the parameters for SL. The graphs for SN show a very similar general behavior to SD ( Figure 5 ). Some negative estimates were obtained for genotypic variance in the four-plant sample size, probably from samples with the mean square between families higher than the family mean square. In other words, the determination of differences between the families would be impaired with this sample size. Figure 2 D demonstrates that 14 plants would also be enough to accurately estimate all of the SN parameters.
For TCH and TBH, the results are very similar to those already discussed (Figures 6 and 7) . The explanation is that TCH is estimated according to EW, which, in turn, is estimated by an equation that depends on SD, SL and SN, and the TBH variable is a function of the TCH variable; thus, all the variability expressed in these characters is also expressed in the TCH and TBH variables. According to Figures 2 E and 2 F, 16 plants would be enough to accurately estimate both TCH and TBH.
Conclusions
1. Sample size estimates vary according to the evaluated parameter and variable.
2. Resampling permits an efficient comparison of the effects of sample size on the estimation of genetic and phenotypic parameters.
3. A sample of 16 plants per plot, equivalent to 96 plants per family in the present work, is enough to achieve reliable estimates for all the parameters and variables studied, in experiments with sugarcane full-sib families.
4. For Brix, if the separation of sampling by trait were possible, ten plants per plot would permit an efficient estimation of the parameters, except for phenotypic variance within the plots.
